. The AlInP devices we present here exhibit superior photovoltaic performance to GaP and are comparable to metamorphic GaInP solar cells, reaching a E g -voltage offset of 0.58 V. Design enhancements based on device and material characterization led to improvements of up to 65% in short circuit current density from our first-generation AlInP devices. The promising results in this work provide an alternative path towards realizing high-E g top junctions with applications in upright metamorphic multijunction solar cells.
I. INTRODUCTION
Over the last decade, triple-junction solar cells have reached scientific and technological maturity, and recently, 4-junction devices achieved a new efficiency record of 46% [1] . Future improvements in efficiency will rely on 5-6 junction devices, motivating the exploration of 2.0-2.4 eV bandgap (E g ) materials for suitable top subcells [2] .
The Al x In 1-x P (AlInP) alloy system has the widest direct bandgap of all non-nitride III-V materials, making it attractive for monolithic devices and spectrum splitting applications. In particular, the upright metamorphic cell design on Ge [3] could benefit from access to higher-E g top junction materials; Al 0.35 In 0.65 P on Ga 0.83 In 0.17 As possesses a direct bandgap of ~2.1 eV. While there have been recent publications on AlInP for light-emitting diode (LED) applications [4, 5] , it has never been studied as a solar cell absorber material.
As seen in Fig. 1 , the direct-indirect E g crossover point of AlInP lies at 2.33 eV (43% Al) [6] , higher than that of GaInP at 2.20 eV [7] . Despite the high Al content, previous reports on metamorphic AlInP reveal low oxygen incorporation of <4×10 16 cm -3 [5] . Metamorphic AlInP is known to undergo CuPt-B type ordering when grown with metal-organic chemical vapor deposition (MOCVD) at cold growth temperatures (≤700°C), resulting in a >100 meV reduction in E g [4] . This enables the formation of order-disorder double heterostructures that have been previously studied [4] and also utilized in this work. Additionally, phase separation takes place at low growth temperatures [5] , though the effect of phase separation on photovoltaic performance is not known.
In this work, we investigated two novel p-i-n AlInP solar cells with 36-39% Al content on GaInAs graded buffers ( we demonstrate the importance of controlling Zn diffusion in obtaining good current collection with a p-i-n device design.
II. METHODS
All films were deposited in a Thomas Swan/AIXTRON close-coupled showerhead MOCVD reactor on epi-ready GaAs substrates. Group-III precursors used were TMAl, TMGa, and TMIn. PH 3 and AsH 3 were used as the group-V sources. Si 2 H 6 and DMZn were used for n-type and p-type doping respectively. No growth-pauses were employed during AlInP growth. The strain gradient of the GaInAs metamorphic graded buffer was 0.6%/µm for sample A, and was increased to 1.2%/µm for sample B without an adverse effect on TDD. Thin film compositions were determined using the symmetric 004 and asymmetric 224 reflections in coupled 2θ-ω scans using a Bruker D8 high-resolution X-ray diffractometer system. Micrographs were prepared along the [110] crosssections using a JEOL 2011 transmission electron microscope (TEM) at 200 kV. TDD was estimated from electron beaminduced current (EBIC) images.
Devices were fabricated with conventional photolithography, e-beam metal deposition, and mesa etching in concentrated HCl for 1 minute. Thin p-type GaInAs/GaAs caps were included in the device structures ( Fig. 1 ) to enable Ohmic contact formation and were selectively etched using the metal as a hard mask. No anti-reflection coatings were applied to any of our cells. An ABET Technologies 10500 solar simulator was used to measure LIV under 1-sun illumination and AM1.5G conditions. External quantum efficiency and specular reflectance were measured with a PV Measurements QEX7 system to determine internal quantum efficiency (IQE).
III. RESULTS
Traditionally, double heterostructure designs have been used to improve electron confinement in high-brightness AlGaInP LEDs [8] . Christian, et al. have demonstrated the benefit of employing an order-disorder double-heterostructure design for AlInP LEDs [4] , making use of the depressed E g of ordered AlInP. We expected similar benefits for current collection in solar cells, employing an order-disorder double heterostructure in our devices. The CuPt-B ordering can be seen in the transmission electron diffraction pattern of sample A's unintentionally doped (UID) region grown at 650°C, indicated by superspots (Fig. 3) . All regions grown at 650°C additionally underwent phase separation which resulted in striations in the cross-sectional TEM images [5] in Fig. 3 .
While the original device structure of sample A was designed to have a thick 440 nm UID region, significant Zn diffusion led to a greatly reduced UID thickness, which can be seen in the secondary ion mass spectrometry (SIMS) results in Fig. 4 . According to the SIMS results, the actual p-i-n layer thicknesses in sample A are 530 nm/180 nm/370 nm respectively. Since the presence of Zn and Si doping has been found to disorder previously ordered material [9] , the orderdisorder heterostructure follows the p-i-n layer thicknesses, rather than the phase-separated region thicknesses.
LIV and IQE results revealed that the diffusion-induced thickening of sample A's emitter dramatically hindered current collection, particularly at short wavelengths ( Fig. 5 and Table I ). The thick emitter pushes the depletion region further away from the surface, where the majority of shortwavelength photons are absorbed. Simultaneously, the thinner UID region decreases the overall depletion width in the device. Both of these effects hinder current collection and are indicative of relatively poor diffusion length in this material.
To improve device performance, the emitter of sample A was etched from 530 nm to 240 nm in concentrated phosphoric acid for 9.3 minutes. Emitter thinning led to significant improvements in short wavelength IQE, which more than doubled in the blue wavelength range (Fig. 2) . This translated to a 66% increase in J SC , reaching 1.58 mA/cm 2 , as well as a slight boost in V OC to a value of 1.53 V (Table I) .
To avoid the unintentional formation of an excessively thick emitter and thin UID layer, a second sample (B) was grown with an improved design. After the 650°C ordered UID layer, a 140 nm disordered UID spacer layer was grown at 725°C, followed by a thinner 100 nm intentionally Zn-doped layer grown at 650°C (Fig. 2) . The spacer provides non-phase separated UID material for Zn to diffuse into, allowing us to controllably grow a thinner emitter while maintaining a thick UID layer. The Zn-doped region was grown colder than in sample A to minimize Zn desorption and improve doping levels and lateral conduction our devices. Based on SIMS measurements of similar samples, substrate temperatures of 650°C should lead to a nominal p-doping of 4×10 18 cm -3 . The improved device design of sample B led to significantly enhanced device performance compared to sample A. Current collection in sample B greatly surpasses that in sample A, achieving a 65% improvement in J SC (Fig. 5 and Table I ). Sample B's IQE shows substantial improvement over all wavelengths, exceeding solar cell A's peak value by over 1.52× (18% absolute) at 520 nm. These results suggest that the thicker UID layer and thinner p-layer in sample B, enabled by the inclusion of the spacer layer, helped improve current collection. The J SC of these cells surpass the best GaP devices with anti-reflection coatings [10] .
Based on estimated E g values, samples A and B exhibit W OC of 0.66 and 0.58 V. W OC values of our cells could be reduced by minimizing the TDD in our structures, which were found to be in the range of 3-5×10 6 cm -2 for both solar cell structures. Point defects resulting from oxygen and carbon contamination are another possible issue in this material, though SIMS results on Al 0.4 In 0.6 P grown with similar conditions reveal low O and C concentrations of <2.3×10 16 and <2×10 16 cm -3 , respectively. While studies on this high Al-content material are just beginning, W OC values presented here show promise, already reaching and surpassing that of Al-free GaP [10] and metamorphic GaInP [11] . Future efforts to improve J SC will focus on improving device design with even thicker UID regions. Although no larger E g lattice-matched barrier material exists for AlInP, the inclusion of a tensile-strained, wider-E g AlInP window layer could help boost short wavelength response; significant device improvements from tensile-strained barrier layers have been previously demonstrated in AlInAs solar cells [12] and AlInGaP light emitting diodes [13] .
IV. CONCLUSION
We have presented two novel order-disorder heterostructure AlInP solar cell devices on GaInAs/GaAs metamorphic graded buffers. Despite the high Al content of 36-39%, W OC values of 0.58-0.66 V were observed, surpassing that of other novel solar cells with E g >2.0 eV. IQE and LIV results illustrated the importance of a p-i-n structure for achieving good current collection. Modifying the device design to account for Zn diffusion enabled dramatically improved current collection.
Overall, we believe the promising results presented here indicate that AlInP could become an attractive material choice for the top junction of high efficiency upright metamorphic multijunction solar cells. In particular, these AlInP devices could have application in cells similar to those investigated by Guter et al. [3] , as the metamorphic buffers used in their work have very similar In content to ours. Our work also shows potential for high-performance AlInGaP devices at the same lattice constants, which would benefit from the incorporation of lattice-matched AlInP window and back surface field layers. 
